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Abstract 
Membrane distillation is an emerging thermal membrane technology for the separation of 
salts and other non-volatile inclusions from water streams. The process offers a solution for 
the treatment of concentrated solutions, which are out of the scope of reverse osmosis. 
However, only few studies focused on the optimal membrane properties and operational 
conditions in the high concentration regime. In this paper, membranes with variations in 
thickness, porosity and structure are experimentally investigated in direct contact membrane 
distillation (DCMD) as well as simulated, using the Dusty Gas Model. Operational conditions, 
including the temperature difference over the membrane, the flow velocity and the feed 
stream salinity up to saturation are varied. It is confirmed that for pure water, thinner 
membranes show higher fluxes, while energy efficiency is unaffected by membrane thickness. 
At higher salinities, an optimal membrane thickness depending on membrane parameters 
and process conditions exists. The optimal membrane thickness is calculated in this article 
for concentrations of NaCl ranging from 0 up to 320 g/l and variations in bulk temperature 
difference and flow velocities for four different membranes.  
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NOMENCLATURE 
a Activity - 
B Permeability kg/m. h. Pa 
Cp Heat capacity J/kg. K 
D Diffusion coefficient m/s 
d Pore diameter m 
DCMD Direct Contact Membrane Distillation - 
EE Energy efficiency % 
F Mass flow rate in the channels kg/s 
GLUE Generalized Likelihood Uncertainty Estimation - 
km Membrane thermal conductivity W/m. K 
LEP Liquid entry pressure Pa 
M Molar mass kg/mol 
m Molality mol/kg 
N Flux kg/m. h 
P Pressure Pa 
PES Polyethersulfone - 
PP Polypropylene - 
PTFE Polytetrafluoroethylene - 
PVDF Polyvinylidene fluoride - 
Q Heat flux through the membrane W/m  
r Pore radius m 
R Universal gas constant J/kg. mol 
SEM Scanning electron microscopy - 
T Temperature K 
V Volume L 
v Flow velocity in the channels m/s 
δ Membrane thickness m 
ΔH Enthalpy of vaporization J/kg 
Δp Vapor pressure difference over the membrane bar 
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ΔT Temperature difference over the membrane K 
ε Porosity % 
τ Tortuosity % 
   
 
Subscripts 
0 Pure water 
Av Average 
b Bulk 
C Conduction 
f Feed 
i Interfacial 
In Inlet 
m Membrane  
Max Maximum 
N Flux 
Out Outlet 
p Permeate 
Po Polymer 
w Water 
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1 INTRODUCTION 
Membrane distillation is an emerging thermal membrane process, mainly aimed at 
desalination [1]. For seawater desalination, reverse osmosis is still more efficient compared 
to membrane distillation. Therefore, membrane distillation research is shifting from seawater 
desalination towards treatment of more concentrated solutions like brines, waste streams 
and recuperation of valuable components in the chemical, pharmaceutical and food industry 
[3]–[5]. These streams are out of the scope of reverse osmosis [2] and often membrane 
distillation is applied in combination with a crystallization step [5]–[7]. Research on 
treatment of these concentrates with membrane distillation focuses mainly on feasibility of 
the technique, prevention of scaling and control of the crystal formation [8]–[10]. While 
many studies regarding direct contact membrane distillation (DCMD) considered the optimal 
membrane properties for seawater desalination [4], [11]–[17] only few studies focused on 
the optimal membrane properties in the high concentration regime; mainly aiming at 
optimizing the membrane thickness. Gostoli et al. stated already in 1987 that for thin 
membranes the flux is more affected by concentration [18]. Other studies on the effect of 
thickness concluded that the optimal membrane thickness ranges from 10 to 60 μm, 
depending on concentration, heat transfer coefficients of the feed and permeate channels, 
feed inlet temperature and membrane permeability [19]–[21]. Furthermore, increasing the 
membrane thickness resulted in an improved energy efficiency up to asymptotic values 
depending on concentration and process conditions [19], [22]. A more detailed overview of 
the literature on membrane thickness is presented in Table 1. In a recently published review, 
Curcio and Drioli stated that the literature still lacks clear and conclusive statements 
concerning the thickness effect [23]. Additionally, only very few studies reported on the 
influence of operational conditions at high salinity [9], [24]–[26]. Therefore, in this paper, 
membranes with thickness ranging from 20 - 188 μm, variations in porosity and different 
structure are experimentally investigated and simulated in the entire solubility range of NaCl, 
varying the temperature difference over the membrane and the flow velocity. In addition, 
the optimal membrane thickness is computed as well as the effect of process conditions and 
membrane parameters on flux, energy efficiency and the optimal membrane thickness. From 
this investigation, guidelines are proposed for the choice of membrane and operational 
conditions to optimize the DCMD process in terms of flux and energy efficiency at high 
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concentrations. 
Table 1: Overview of the literature regarding the effect of membrane thickness for saline 
streams 
 Author Membrane Statement [NaCl] Conditions 
Fl
u
x
 
Gostoli 
[18] 
PTFE (60 μm) 
PTFE + air gap 
(1 cm) 
Flux of thin membranes is more 
affected by salinity 
0-30 
g/kg 
Tm = 50 °C 
ΔT= 5-30 °C 
v = 0.35 m/s 
Lagana 
[20] 
PP, ENKA 
MD-020-2N-CP 
(120 μm) 
Optimal δ (30 - 60 um) Conditions not specified 
Martinez 
[19] 
GVHP (100 μm) 
Optimal δ depending on concentration 
(10 - 60 um) 
0-250 
g/kg 
Tf = 40 °C 
Tp= 20 °C 
v = 0.35 m/s 
Wu 
[21] 
Electrospun 
PVDF 
(27 - 58 μm) 
Optimal δ depending on heat transfer 
in the channels, feed temperature and 
membrane permeability (10 - 30 um) 
0-100 
g/kg 
Tf = 45-65 °C 
Tp= 20 °C 
v = not specified 
E
n
e
rg
y
 e
ff
ic
ie
n
cy
 Martinez 
[19] 
GVHP (100 μm), 
TF200 (60 μm) 
Asymptotic value for larger δ, sharp 
decline of energy efficiency at low δ, 
especially at higher concentrations 
0-250 
g/kg 
Tf = 40 °C 
Tp= 20 °C 
v = 0.35 m/s 
Essahli 
[22] 
Electrospun 
PVDF 
(144 – 1529 μm) 
Increase of δ results in an improved 
energy efficiency up to assymptotic 
values depending on process conditions 
0-60 
g/kg 
Tf = 40-80 °C 
Tp= 20 °C 
v = not specified 
 
2 THEORETICAL BACKGROUND 
In membrane distillation, both flux and energy efficiency need to be optimized 
simultaneously. Both are influenced by process conditions, membrane structure and the 
temperature polarization, as schematized in Figure 1. The complex interplay between all 
these parameters makes modeling a very important part of membrane distillation research. 
The effect of the different parameters on membrane distillation performance is described in 
more detail in the next paragraphs. This theoretical background is limited to the important 
effects needed to explain the experimental results obtained in this study. More detailed 
reviews on this topic can be found elsewhere [1], [4], [23], [27], [28]. 
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Figure 1: Parameters affecting the membrane distillation flux and energy efficiency 
2.1 Factors affecting flux  
The transmembrane flux N is proportional to the interfacial water vapor pressure difference 
Δ:   
   ∗ Δ , (1) 
where B is the membrane permeability.  
2.1.1 Permeability 
The membrane permeability depends both on the membrane characteristics and the 
governing transport mechanism. In DCMD, pore size ranges from 0.1 to 1 μm and transitional 
diffusion, governed by both Knudsen and molecular diffusion is assumed [28], [29]. It is 
generally accepted that the permeability is improved by reducing membrane thickness δ and 
tortuosity τ or by increasing porosity ε and pore size r [23], [30], [31].  
2.1.2 Driving force  
The vapor pressure for pure water p0 in Pa can be calculated using Antoine’s equation:  
  
.  !" # (2) 
With T the corresponding temperature in Kelvin [32].  
The actual vapor pressure is calculated based on interfacial temperatures of feed (Tf,i and 
permeate (Tp,i), which differ from the measured bulk temperatures of feed (Tf,b and 
permeate (Tp,b) due to temperature polarization. This results in a lower real interfacial 
temperature difference (ΔTi) compared to the bulk temperature difference (ΔTb). In general, 
temperature polarization is more pronounced for membranes that are more permeable, 
thinner or possessing a high thermal conductivity [33],[34]. Temperature polarization is also 
affected by the hydrodynamics, i.e., flow velocity, module design and fluid properties [35], 
[36]. The actual feed vapor pressure is influenced by the activity of water aw, depending on 
the interfacial molality m of the feed. For NaCl solutions, the following equations are used for 
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the calculation of the interfacial vapor pressure difference [37]:   
  $% (3) 
$%  1 ' 0.03112+ ' 0.001482+ (4) 
.  /, ' 0,   $%,/, ' 0, (5) 
Figure 2 visualizes the effect of salinity on vapor pressure at different ΔTi. The theoretical 
vapor pressure differences over the membrane are shown as a function of ΔTi over the 
membrane at a constant average temperature of 52.5 °C for 0 and 300 g/kg. For pure water, 
Δpi is positive. For 300 g/kg, for ΔTi between 0 - 5 °C, Δpi is negative. The feed vapor pressure 
reduction due to salinity induces an “osmotic” driving force from the feed with high salinity 
to the pure permeate, resulting in osmotic distillation [38]. Therefore, a minimum ΔTi over 
the membrane – 5 °C in this specific case - is needed to avoid negative fluxes.  
The vapor pressure reduction, seen as black line on Fig. 2, represents the relative effect of 
salts on Δpi, hence on the flux and is much more pronounced at lower thermal driving force. 
It is defined as: 
12345678, %  100
Δpi ' Δpi<=>?@A
Δpi
 
 
Figure 2: Driving force Δpi calculated for pure water and 300 g/kg NaCl with equations 3 - 5 
and the reduction of Δpi in % due to salt as function of ΔTi for Tav = 52.5 °C. 
2.2 Factors affecting energy efficiency 
Heat transport through the membrane occurs by two mechanisms: heat transfer due to flux 
QN and heat transfer due to conduction Qc, the latter considered as energy loss. The energy 
efficiency EE is defined as the ratio of the efficient heat due to flux and the total heat 
transported through the membrane Qm and is calculated as: 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
BC
BD 
EF
G
HH 
B
B
ΔH is the enthalpy of vaporization of water, 
the membrane on feed and permeate side and 
membrane, which is affected by the structure, 
the polymer. These equations show that flux affects energy 
discussed in section 2.1 also have 
through the membrane can be reduced by 
porosity and thermal conductivity.  
3 MATERIALS AND METHODS 
3.1 Model structure 
A MATLAB model is used to simulate the
overview of the resistances is given in 
Figure 3: Schematic of the 
The mass transfer through the membrane is calculated using the Dusty Gas 
includes the Knudsen diffusion, molecular diffusion and viscous flow. 
membrane distillation, viscous flow does not occur, because there is no total pressure 
difference across the membrane [1]
between Knudsen and molecular diffusion 
[11], where the degree of Knudsen transport 
the Knudsen number. The heat transfer through the membrane is calculated using 
6 - 8. The heat transfer in the feed and permeate 
5 
 .I ∗  (6
J/,F ' J0,F (7
C
F

BC
BC K BD
 (8
Tf,m and Tp,m are the interfacial temperatures at 
km is the thermal conductivity of the 
porosity and intrinsic thermal conductivity of 
efficiency; hence all factors 
an impact on energy efficiency. Additionally, heat loss 
tuning membrane parameters like thickness, 
 performance of the membranes. A schematic 
Figure 3.  
 
resistances in DCMD.  
Model, which
In direct contact 
. The relevant equations for the transitional flow 
in the Dusty Gas Model are given by Field et al
in the transitional region is weighted based on 
equations
channels is calculated using a Nusselt 
) 
) 
) 
 
., 
 
type 
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equation obtained from the literature [39], which are further calibrated and validated by 
replacing the membrane with an aluminum foil [40]. The concentration polarization is 
incorporated in the model by using a Sherwood equation as a mass transfer equivalent for 
the Nusselt equations. The Generalized Likelihood Uncertainty Estimation (GLUE) method is 
used for a membrane based calibration [41]. The parameters which were used for calibration 
are the tortuosity and the thermal conductivity of the membrane matrix. Only in the case of 
the supported ePVDF membrane the Reynolds exponent in the Nusselt equation for the 
permeate channel was reduced by 13% in order to account for additional heat transfer 
resistance added by the non-woven support, as described by Hitsov et al. [42]. A set of 
commercially available membranes are experimentally investigated and simulated, for 
intensive calibration and validation of the model. More details on the build-up of the model 
and calibration are given by Hitsov et al. [42].    
3.2 Membranes 
In Table 2, an overview is given of the membranes used in this study. The ePVDF membrane 
is supported by an open non-woven fabric to provide mechanical strength; the other 
membranes are not supported. 
Table 2: Properties of membranes as provided by manufacturers 
Membrane 
Code 
Provider Trade name Support layer Polymer thermal 
conductivity 
ePVDF University of Liberec Not commercial Non-woven 0.19 [40] 
PE Pall Supor-200R No support 0.42-0.45 [43] 
PVDF Millipore GVHP No support 0.19 [40] 
PP Membrana 2E HF No support 0.12 [40] 
 
3.3 Porometry 
The minimum, average and maximum pore diameter and pore size distribution were 
measured using a Porolux
TM
 1000 device (Porometer, Eke, Belgium) as described by Francis et 
al. [44]. This instrument uses the wet/dry flow method. Porefil with a liquid surface tension 
of 16 mN/m was used as wetting liquid. The shape factor is assumed to be 1.  
3.4 Liquid Entry Pressure 
The liquid entry pressure (LEP) is the minimum pressure at which water wets the membrane 
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pores. The method to determine the LEP is described by Khayet et al. [45]. The pressure is 
increased stepwise with 0.1 bar each 30 seconds until a flow is detected. The pressure at 
which flow is detected is the LEP.  
3.5 Pycnometry 
The porosity of the membranes was determined by gas pycnometry [46]. A mold was used to 
cut the sample with fixed size. The volume of the membrane Vm was calculated by 
multiplying the area with the membrane thickness. The volume of the polymer matrix Vpo 
was determined with a He-pycnometer (Micromeretics, Norcross, U.S.A). The supported 
membranes were delaminated and the support and the membrane were measured 
separately. The porosity was calculated as:  
L  1 '
M0N
MF
 (9) 
The average and deviation of 3 measurements are reported.  
3.6 SEM 
A cold field emission scanning electron microscope (SEM) type JSM6340F (JEOL, Tokyo, Japan) 
was used to study membrane cross-sections at an acceleration voltage of 5 keV. 
Cross-sections were obtained by a cross-section polisher type SM-09010 (JEOL, Tokyo, Japan) 
using an argon ion beam. All samples were coated with a thin Pt/Pd layer (∼1.5 nm) using a 
Cressington HR208 high-resolution sputter-coater (Watford, England) to avoid charging by 
the e-beam. To obtain the thickness of the hydrophobic layer, the images of the 
cross-sections were analyzed in ImageJ. The average and deviation from 5 measurements are 
reported. 
3.7 DCMD Setup 
The membrane distillation performance was evaluated with a lab-scale DCMD setup (Figure 
4). The flat-sheet module had an effective membrane surface of 0.0108 m
2
. On the permeate 
side, purified water with electrical conductivity below 20 μS/cm was used. All tests were 
carried out using aqueous solutions with different salt concentrations ([NaCl] = 0, 150 and 
300 g/kg). The feed and distillate were circulated counter-currently on their respective sides 
of the membrane using peristaltic pumps (Watson-Marlow, 520DuN/R2, Zwijnaarde, 
Belgium). The channel flow velocities were equal on the feed and permeate side and ranged 
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from 0.04 to 0.28 m/s. The temperature was kept constant using two heating baths (Huber, 
Ministat 230w-cc-NR, Offenburg, Germany) and monitored using four thermocouples 
(Thermo Electric Company, PT100 TF, Balen, Belgium). The average temperature (Tav) was 
kept constant at 52.5 °C for all experiments. The temperature difference (ΔT) over the 
membrane was varied between 6 °C and 20 °C. The flux was measured by evaluating the 
weight variations in the feed and distillate tank, using an analytical balance (Sartorius GmbH, 
ED8801-CW, Goettingen, Germany). The average of at least two experiments is reported. The 
electrical conductivity at the feed and permeate side were monitored by portable 
conductivity meters (WTW GmbH, pH/Cond 340i, Weilheim, Germany). 
 
Figure 4: Schematic of the membrane distillation setup 
The energy efficiency (EE) of the process is defined in equation 8. The total heat transfer 
through the membrane Qm is considered to be equal to the heat transfer in the feed channel, 
as described by Khayet et al. [47]. 
HH %   
ΔIP
QR0SJ/,T ' J/,NUVW
 (10) 
N is the water flux and ΔH the enthalpy of evaporation. Q is the mass flow rate in the 
channels expressed in kg/s, A is the effective membrane surface area, R0 is the specific heat 
capacity of the feed solution,  J/,T and J/,NUV are the bulk temperatures on feed side at 
the inlet and outlet of the module respectively. The same calculations were carried out for 
the permeate side and the average value and deviation is reported.  
4 RESULTS & DISCUSSION 
4.1 Membrane characterization 
In order to evaluate and compare the membranes, the relevant properties that were 
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measured are summarized in Table 3. The thickness δ of the membranes ranges from 20 to 
188 μm. The porosity ε varies in the order PP>ePVDF>PVDF>PE. The effect of pore size on 
flux is considered negligible in this study, because the range of the average pore diameter dav 
of these membranes is relatively small (0.3-0.6 μm) and as stated by Ali et al., beyond a pore 
size of 0.3 μm the impact of pore size on flux is much less significant [12]. The calibrated 
tortuosity τ and membrane thermal conductivity km are obtained from the model. These 
calibrated values are close to the values reported in the literature for other comparable 
membranes [27], [48]. To provide mechanical strength, the ePVDF has a non-woven support 
with thickness 94 μm and porosity of 90%. The broader pore size distribution of this 
membrane results in a lower LEP.   
Table 3: Measured and calculated properties of the membranes 
Membrane δ  
μm 
ε  
% 
dav  
μm 
LEP  
10
5
 Pa 
Calibrated τ Calibrated km  
W/(m.K) 
ePVDF 20 ± 5 77% ± 3% 0.6 1.0  1.67 0.07 
PE 95 ± 6 76% ± 3% 0.3 3.9 2.12 0.05 
PVDF 112 ± 2 66% ± 3% 0.4 2.3 2.36 0.07 
PP 188 ± 2 83% ± 2% 0.5 2.5 1.28 0.06 
 
4.2 Salinity 
To compare the DCMD performance of the different membranes considered in this study, 
flux and energy efficiency were measured at different salinities, ΔT = 6 °C, Tav = 52.5 °C and 
empty channel velocity v = 0.13 m/s. Additional information is obtained using simulations, 
which are indicated by the solid lines.  
4.2.1 Flux 
Figure 5 A shows the flux as a function of salt concentration. As discussed in section 2.1.2, 
the flux decreases with increasing salt concentration, because of the feed vapor pressure 
reduction due to the presence of salts (Eq. 3 and 4). Additionally, it is observed that the slope 
of the curves is less steep for thicker membranes, meaning that thicker membranes are less 
affected by salinity. This confirms the observations of Gostoli et al. that the flux of a thin 
membrane (60 μm) is more affected by salinity compared to a 1 cm thick membrane [18]. As 
stated in section 2.1.2, thinner membranes suffer more from temperature polarization and 
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therefore have a smaller ΔTi under the same experimental conditions. Since the effect of 
salinity on the driving force is more pronounced at smaller ΔTi (Figure 2), the flux of thinner 
membranes is more affected by salinity.   
For pure water, the thinnest membrane (ePVDF) shows the highest flux. The flux of the 
thickest membrane (PP) is higher compared to the flux of the PVDF and PE membrane. This 
indicates that for pure water, other membrane parameters beside thickness also play an 
important role. In this case, the higher porosity and lower tortuosity of the PP membrane 
compared to the PVDF and PE membrane positively affects the flux (Table 3).  
At higher salt concentrations, negative fluxes are observed. This negative flux is caused by 
the reverse osmotic driving force due to the presence of salts at the feed side (section 2.1.2). 
For a fixed bulk driving force, thicker membranes exhibit positive fluxes up to higher 
concentrations, because the temperature polarization is much more pronounced for thinner 
membranes (section 2.1.1) and a thicker membrane is able to sustain a higher interfacial 
temperature difference (ΔTi). For example, at 250 g/kg, the minimum ΔTi needed to achieve 
a positive vapor pressure difference over the membrane is not achieved for the ePVDF (20 
μm), resulting in negative flux of -5 kg/m
2
.h. The thicker PVDF (112 μm) and PP (188 μm) and 
PE (95 μm) membranes show positive fluxes at 250 g/kg under these experimental 
conditions, because the ΔTi is still sufficient to sustain a positive vapor pressure difference 
over the membrane.  
 
Figure 5: Flux (A) and energy efficiency (B) as a function of salinity for membranes with 
different thicknesses. Markers: experimental, lines: model predictions 
4.2.2 Energy efficiency 
Figure 5 B shows decreasing energy efficiency with increasing salt concentration. While the 
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flux is reduced with increasing salt concentration (Figure 5 A), the driving force for the heat 
loss due to conduction is not affected by this phenomenon (eq. 6 - 8). The highest energy 
efficiencies for pure water were observed for the more porous membranes, while the 
membrane thickness seems to have little effect on energy efficiency under these conditions. 
At higher salinities the conclusions are comparable to the observations for the flux: the 
energy efficiency of thicker membranes is less affected by salinity, while a severe drop of the 
energy efficiency is observed for thin membranes. Note that the deviation of the 
experimental values are relatively large at higher salinities, because the temperature drop in 
the feed channel (± 1 °C) approaches the temperature sensor error (± 0.2 °C). 
4.3 Temperature and flow velocity 
As discussed in previous section, the choice of the membrane depends on salinity. In this 
section, the effects of process conditions are investigated for the thinnest and the thickest 
membrane, namely PP and ePVDF, for the whole solubility range of NaCl. The effect of bulk 
temperature difference over the membrane is studied in the range from 6° to 20°C. Higher 
temperature differences are out of the scope of this article, because this is not realistic for 
full scale DCMD. The effects of flow velocity are tested in the range of 0.04 to 0.28 m/s. For 
large scale DCMD, flow velocity is limited, because the pressure drop increases with 
increasing flow velocity [24], [49].  
4.3.1 Flux 
Figure 6 shows the flux as function of salinity for the thick PP and thin ePVDF membrane at 
different ΔTb and flow velocities. As already described in literature, the flux improves upon 
increasing ΔTb and flow velocities for all concentrations tested [26], [51]. Moreover, the effect 
is more pronounced for the thin ePVDF membranes. While the thick PP membrane achieves 
positive fluxes for all tested concentrations, negative fluxes are observed for the thin ePVDF 
membrane when low flow velocities or temperature differences are applied. Moreover, to 
achieve comparable fluxes, higher temperature differences or flow velocities are needed for 
the ePVDF membrane. This indicates that the ePVDF loses much more of the driving force 
due to temperature polarization, enlarging the negative effect of salinity (see also 
section 4.2.1). When increasing the flow velocity from 0.04 m/s up to 0.28 m/s, flux for pure 
water improves with a factor 1.6 for the PP membrane and a factor 2.5 for the ePVDF 
membrane. Also note the PP membrane approaches the region where flow velocity does not 
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further improves the flux at flow velocity 0.28 cm/s [20], [34]. Yet, the flux of the thin ePVDF 
is enhanced at flow velocity 0.28 cm/s. The membrane resistance of the PP is larger 
compared to ePVDF, hence the temperature polarization is less pronounced for this 
membrane. Additionally, the resistance of the fluid is relatively smaller compared to the 
resistance in the membrane, meaning that the PP membrane is limited by membrane 
resistance, while the ePVDF is limited by hydrodynamics.  
 
In general, by increasing ΔTb or flow velocity, the driving force for flux is increased and the 
fluxes are improved at all tested salt concentrations. The effects are larger for thin 
membranes, indicating that thin membranes are more sensitive to process conditions, while 
the thicker membranes are more limited by membrane resistance. 
 
Figure 6: Effect of temperature difference (A and B) and flow velocity (C and D) on flux for the 
PP (A and C) and the ePVDF membrane (B and D) 
4.3.2 Energy efficiency 
Comparable to flux, energy efficiency reduces at higher salinities. According to Figure 7, the 
effect is larger for the ePVDF membrane, especially at low flow velocities or low temperature 
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difference. The PP membrane also shows a large decline at low temperature difference over 
the membrane, but this effect is smaller compared to the thinner ePVDF membrane under 
the same conditions. The reduced energy efficiency at high salinities is caused by the 
reduced flux at high salinity (Eq. 3 – 5), while the heat transfer due to conduction is not 
directly affected by salinity (Eq. 7). Therefore, energy efficiency reduces more in the cases 
where flux reduction is larger, particularly for the thin ePVDF membranes, at lower bulk 
temperature differences and at low flow velocities (Figure 7). In section 4.3.1, it was already 
discussed that higher driving force is needed for the ePVDF membrane to achieve the same 
flux as the PP membrane at 300 g/kg. This means also more energy input to achieve the 
same fluxes and hence a lower energy efficiency. This can also be observed in Figure 7. While 
for the PP energy efficiencies around 60-70% are achieved at high salinities, the maximum 
energy efficiency at high salinity is 31% for the ePVDF membrane.  
 
Figure 7: Effect of temperature difference (A and B) and flow velocity (C and D) on energy 
efficiency for the PP (A and C) and the ePVDF membrane (B and D) 
4.4 Optimal thickness 
Previous sections indicated the importance of the membrane thickness. For low salinities, 
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thin membranes seem to be more interesting, which is also confirmed in the literature [19], 
[21]. On the contrary, thicker membranes perform better at higher salinities. To investigate 
this in more detail, the flux and energy efficiency was modelled as a function of membrane 
thickness (1 – 250 μm) at different salinities and fixed process conditions in Figure 8. The 
parameters and the calibration set of the PP membrane are used, hereby excluding the 
influence of other structural parameters while varying the PP membrane thickness. It should 
be noted that these results are an extrapolation from the calibrated thickness for a thicker or 
a thinner membrane. To justify this, the model is thoroughly calibrated and validated [42].  
Upon decreasing the membrane thickness, both mass and heat transfer through the 
membrane are improved. For pure water and decreasing membrane thickness, the effect of 
increasing permeability (section 2.1.1) is more important compared to the reduction of the 
driving force due to the increased temperature polarization (Eq. 7). Accordingly, thinner 
membranes show higher fluxes. For saline water, Figure 8 A supports the existence of an 
optimal membrane thickness for flux indicated by the markers [19]–[21]. The vapor pressure 
is additionally reduced by the presence of salts. As discussed in 4.2.1, with decreasing 
membrane thickness the effect of salinity becomes more pronounced. At a certain thickness, 
the reduction of the driving force due to temperature polarization and salts counterbalances 
the increased permeability, resulting in an optimum membrane thickness for flux, depending 
on concentration; as thin as physically possible for clean water and from 6 μm at 30 g/kg up 
to 49 μm at 320 g/kg under these experimental conditions. Further decrease of the 
membrane thickness beyond the optimum leads to negative (osmotic) fluxes. It can be 
concluded that depending on salinity, an optimal membrane thickness exists and thicker 
membranes are needed at higher salinity.  
 
The effect of thickness on the energy efficiency is shown in Figure 8 B. For pure water, the 
energy efficiency is not affected by membrane thickness: because both heat due to 
conduction and mass transfer are equally promoted, their ratio remains the same (Eq. 8). In 
salty water, the energy efficiency is relatively unaffected by the membrane thickness in the 
thicker membrane range. At low membrane thickness, the sharp decline of the flux results in 
a severe drop in energy efficiency. These observations are consistent with the literature [19].  
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Figure 8: Flux (A) and energy efficiency (B) as function of membrane thickness for different 
salinities. PP, Tav = 52.5 °C, ΔT = 15 °C, v = 0.13 m/s 
4.4.1 Membrane structure 
As discussed in section 2.1 and visualized in Figure 1, the membrane structure affects flux, 
energy efficiency and the temperature polarization phenomena. In this section, the effect of 
the membrane parameters is investigated by simulating the flux and energy efficiency as 
function of membrane thickness. The effect of tortuosity is investigated by plotting flux and 
energy efficiency as function of thickness for the PP calibration set with the calibrated value 
for tortuosity 1.28 and a hypothetical tortuosity of 2.56 for the same calibration set. The 
same is done for porosity (hypothetical value 60%, the measured value 83%, hypothetical 
value 93%) and thermal conductivity (the calibrated value 0.06 W/m.K and hypothetical 
value 0.12 W/m.K) in Figure 9. The same membrane parameters, calibration set and 
experimental conditions are used as in section 4.3. The salt concentration equals 150 g/kg 
for all figures.  
 
A lower tortuosity and higher porosity both increase the membrane permeability and higher 
flux for all membrane thicknesses (Figure 9 A and C). Additionally, a higher porosity and a 
lower thermal conductivity reduce the heat loss through the membrane. The higher 
interfacial temperature difference over the membrane results in higher fluxes for all 
membrane thicknesses (Figure 9 C and E). Energy efficiency is improved for lower tortuosity, 
higher porosity and lower membrane thermal conductivity. In these cases, the flux is 
improved, while heat loss due to conduction is not affected (tortuosity) or even reduced 
(porosity and thermal conductivity). The optimal thickness indicated by the marker reduces 
for the cases where the temperature polarization is reduced. For higher tortuosity, the lower 
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fluxes reduce the temperature polarization, while a reduced thermal conductivity of the 
membrane reduces the heat transfer due to conduction. The porosity has a small effect on 
the optimal thickness of the membrane, because the improved flux and reduced thermal 
conductivity of more porous membranes are counteracting in terms of temperature 
polarization. 
 
 
Figure 9: Flux (A, C, E) and energy efficiency (B, D, F) as function of membrane thickness for 
different porosities (A, B), tortuosity (C, D) and membrane thermal conductivity (E, F).  
PP, Tav = 52.5 °C, ΔT = 15 °C, v = 0.13 m/s, [NaCl]= 150 g/kg 
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4.4.2 Temperature and flow velocity 
The effect of process conditions on the flux and optimal thickness at salt concentration of 
150 g/kg is shown in Figure 10 A and C. When increasing the temperature difference and 
flow velocity, the flux increases. In contrast, the optimal thickness for flux decreases. Due to 
the more pronounced temperature polarization, thinner membranes need a higher bulk 
driving force or flow velocity to be able to sustain a sufficiently high interfacial temperature 
difference over the membrane. This indicates that the choice of membrane thickness 
depends on the experimental conditions. Figure 10 B and D indicate that a large temperature 
difference and high flow velocity are important to achieve high energy efficiency, especially 
for thin membranes.  
 
Figure 10: Water flux (A and C) and energy efficiency (B and D) as function of membrane 
thickness at different ΔT (A and B) and flow velocities (C and D).  
PP, v = 0.13 m/s, ΔT = 15 °C, [NaCl] = 150 g/kg 
Since the optimal membrane thickness depends on the membrane characteristics as well as 
the process conditions it is impossible to give a straightforward recommendation on what 
membrane thickness should be used under which conditions. However, as a guideline Table 4 
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is given, where the range of the optimal thickness is given for the studied membranes at 
different operational conditions, together with the corresponding flux and energy efficiency. 
It should be used only as a guideline for the possible range of membrane thickness and the 
kind of fluxes and energy efficiencies, which are possible at the given conditions and for a 
variety of membrane structures.  
Table 4: Minimum and maximum optimal thickness and corresponding flux and energy 
efficiency computed for the 4 membranes in different conditions. 
 
Temperature  60-54 °C   60-40 °C  
Flow velocity  0.04 m/s  0.28 m/s  0.04 m/s  0.28 m/s 
30 g/l 
δ, μm 15 - 30 4 - 9 8 - 15 2 - 4 
N, kg/(h.m
2
) 7 - 9  21 - 34 22 - 32 70 - 110 
EE, % 51 - 71 50 - 70 48 - 69 46 - 68 
150 g/l 
δ, μm 58 - 112 16 - 35 25 - 47 7 - 14 
N, kg/(h.m
2
) 2 - 4 8 - 14 13 - 20 44 - 68 
EE, % 35 - 55 34 - 54 39 - 59 37 - 58 
320 g/l 
δ, μm 414 - 793 120 - 252 57 - 102 16 - 31 
N, kg/(h.m2) 0.1 - 0.2 0.3 - 0.8 6 - 10 21 - 33 
EE, % 9 - 20 9 - 20 29 - 47 28 - 46 
 
 
5 CONCLUSIONS 
In this paper, it is shown that the salinity of the feed is an important factor to take into 
account when designing a DCMD system. Since salinity reduces the feed vapor pressure by a 
fixed percentage, the most important factor determining the effect of salinity on the 
performance is the interfacial temperature difference over the membrane. Additionally, the 
selection of the membrane is found to be critical for optimizing the membrane distillation 
process. For pure water, thinner membranes show higher fluxes. With increasing salinity, 
both flux and energy efficiency of thin membranes are severely reduced, especially at low 
temperature differences and flow velocities. Therefore, at high salinities, thin membranes 
can only be used if sufficient driving force is provided. In these cases, a thicker membrane 
should be preferably used, because of the much higher energy efficiency. At higher salinities, 
an optimal membrane thickness exists, which is decreasing for higher tortuosity, lower 
membrane thermal conductivity, higher porosity, lower salt concentration, higher bulk 
temperature difference and higher flow velocity. The optimal membrane thickness computed 
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in this article ranges from 2 - 739 μm for concentrations of NaCl ranging from 30 up 320 g/l.  
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